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!The perPomanoe of five 16-inch-dlamter ram-Jet units m e  
determined over a w e  Crp free-a-brem W c h  numbers of 0.50 to 
1.86 asd gas total-temperature mtioa between 1.0 and 6.1. Full- 
scale units were  released from an airplane at high altitudes and 

. acoelerated to high subsonic and eupersonic velocities by the 
engine thrust and force af' grarLty. The data for eva1uath.g the 
performance were obtained from radio-telameterlng and radar- 
immkin@; equipment. 

Time histories of the prformance data are presented for 
eaoh unit; a lso  included txre correlations t o  illustrate  the  efPect 
~f free-stream MELCII number gas tekl-temgeratme r a t io  'on 
-user tokl-pressure recomrr, net-thrust  ooefTicient, and 
external drag ooeff 5cien-b. 

Vibratory cambuetion with a frequency of 12 to 32 cycles per 
6e-a was f o n d  to exist fn two a€' the units mploglng a bucted- 
type flame holder. Ccanbusticm in two other units that utilized a 
rake-type flame holder vas very moth. One of these units 
attained  a mximum free-stream  Mach nmbr of 1.86 and a net 
acceleration of 4.2 g's. ,At the des- free-atream mch number 
of 1.60, a reduction In the gate total-temperature r a t io  from 
5.0 to 1.0 %as accompanied by decreases In diffuser total-peasure 
reoovery Crp 0.89 to U.41 an& in the net-thrust  coefPfcient of 
0.65 to -0.30. 
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Frse-flight  investigations are being conducted by the NACA 
Lewis laboratory on 16-huh-diameter ram-Jet units t o  determine 
the performan& and operatianal  uharaoterietics of rasl jets a t  
high subeanic a& supersonic velooities. Perforanance data 09 
the full-scale units  operating under aotual atmospherio canditioner 
are being obtained over 8, range af omburstion-chamber-lnlet 
velooities and fuel-air ratioer. Data a m  also being obta€ned 
throughout the transonlo range and under ucmditione of rapid 
auoelemtion with accmpaq3ng changes in inlet canditiona due 
to large variations Fn alt i tude and muh number. 

~ The free flights are being COIl&UG%8d off the Virginia 
ooaet near *he W A  Langley laboratory. The ram- jet unite are 
released frcan an ebbplans a t  high altitudes and accelerated to 
mpersonic velocities by the engine thruet and the force 09 
m v i t y .  In order t o  obtain data over a range of canbustion- 
chamber-inlet velocities, fou r  ram-jet deeigne (designated 16-A, 
16-B, 164, and 164) d different m e t  and outlet  diametem 
are being mea. Several ram-jet uni te  of the 8&m0 design are 
be- iwes.l;igated in  order to obtain data at different fuel- 
air ra t ios ,  Theee data a m  obtabsd by p r e a e t t i q  the fuel 
regulator a t  ilifferent flow wluepl before each flight. Con- 
tlnuoua data records are- obtained by radio-telemetering &nd 
radax-traoking eqrdpnent during the flight. 

The reaulte obtained from the first ram-jet unit investi- 
gated ( d e s i p t e d  16-A-1), are discussed in reference 1. The data 
obtained fram the succeeding four A-type rm-jet units, which 
were designed for a cambustion-chamberinlet mch number of 0.12 
a t  a free-stream &oh number crf 1.60, are bcluded in reference 2. 

Data obtained from the first five B-tgpe ram-jet unita, whioh 
were deaigmd for higher combustion-chamber velocities (uombustion- 
ohambr-kLLet Maoh number Crp 0.16 a t  a fme-stream Mach nmber of 
1.60) than the A-type ram jets, are presented herein. Time histories 
of the prformance over a m e  c 8  free-stream Mach numbers 
of 0.50 t o  1.86 and gae total-temperature  ratios between 1.0 and 
6.1 are psented,  a B  well as the  effeote of free-stream Mach 
number and gas total-temperature  ratio an Wffuser  total-pressure 
recovery, nst-thrwt ooefYiuient, and external drag coefficient. 



NACA RM E50B14 

U 

cn 
cI1 
N 

3 

-.The B-type ram-jet units investigated are designated 16-B-1, 
16-B-2, 16-B-3, 16-B-4, and 16-B-5. A schematic cross-aectioaal 
diagram of the ram j e t s  is aham Fn f&ure 1. Model B is designed 
f o r  a combustion-chamber-Met velooity of 220 feet per second 
(Mach number, 0.16) at a free-streem mch number of' 1.60 and a 
gas  total-temperature r a t i o  af 5.0. This  heat  addition  ia 
real ized  a t  a fuel-air ra t io  of 0.067 at a ooIc'luetion efficiency 
of 80 percent and a preesure alt i tude of 6000 feet .  At th ie  
design oondition the nonnal shock is positioned a t  t h e  d i f f w e r  
inlet. The outer ehell is eo located relative t o  the central 
body that the  oblique shock from the epike Isteraepts  the l i p  
of the  outer shell at  a free-stream mch number of 1.80. 

The required fuel flow 18 produoed by regulated helium 
pressure aceing on a f Lexible fuel cell f orcin@; tbe f u e l  through 
various sets of spray nozzles. The fuel k e d  is 73-0ctz~n.e 
gasoline (AN-B"23a) and is stored in a tank having a capacity of 
8$ g8llons. The gross weight c$ each w Z t  i e  approxhately 525 
pounaa . 

A ducted-airPoll-type flame holder'with Zntemdiate 
gutters (fig. 2) w a ~  used in u~Lit8 B-1, B-2, and B-3. Units B-4 
and B-5 eqloyed the rake-type flame holder sham i n  figure 3. 
Magn.ea€um flares were used to p v i d e  a contimoue i e t i o n  ~ource. 

The ram-jet unit8 were attached to the underside of the wing  
of a f i g h t e r - t p  amlane (fig. 4). The units were ignited and 
released a t  altitude8 of 30,000 t o  34,100 f ee t  and free-stream 
mch numbers of 0.50 to 0.56. The efght-channel  telemeter- 
equipent in the  ram-jet unit transmitted  sufficient data t o  
evaluate  the perform~hnce of .the ram jet. A time history of the 
position op the unit relative t o  the ground auring flight WB 
obtained by radar-tracking  f&cflfties over a range of free- 
s t r e m  kkch nmbers d 0.50 t o  1.86 and gas  total-temperature 
ra t ios  of 1.0 t o  6.1. A more complete deecriptian of the 
apparatus,  the  instrumentation, the procedure, the general 
method of' calculation, and the  equations used in the perfomnce 
computations is hclude5 in reference 2. 
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A general cormparisan of' the perfommue of' the f ive  B-type 
ram- jet units is presented in figure 5, which shoxs the effeuts 

number. The highest free-stream Mach number (1.86) XBB attained 
by unit B-5, which employed a rake-type flame holder. Failure 
of the fuel c e l l  i n  unit B-1 immediately after launchimg resulted 
in a coid run  (no combustian). Vibratory cand sparadic cclmbuetion 

relatively lar free-stream mch nwnbers. No fuel-flow data w e r e  
obtained fram unit B-2 bemuse cxf the failure of the fuel-flow 
telemetering channel. The fuel-flow data fram unit B-3 indicated 
that the fuel-air m i r r f ; u r e  waa within the limits of units B-4 and 
B-5, which had -00th steady cabmtian. The dashei3 line in 
figure 5(b) represents the calculated  value of' f u e l  flow 
nece~sa ry   t o  obtain a fuel-air r a t io  of 0.067 f o r  an aeemed 
combustion efficiency 09 60 peroent. The v t b t o r y  combustion 
encountered by unit B-3 was therefore not believed t o  be due 
t o  the f uel-air mixture. Inasmuch ae the ram- jet units were  
elmi+ in construction  except for the f lame-holder desigm, the 
f bane holders In units' B-2 &nd B-3 were Judged to be the major 
contributing  faotors t o  the rough vibratory  ombustion. 

d f W L  flm and flame-holder d e e m  on t h e  f m - B w  Mach 

in d t 8  B-2 and B-3 r86ulted in value8 of thrm6t and 

B-2 

26 t o  30 0.060 t o  0.056 .83 t o  1.08 20 t o  36 B-3 
12 to 26 --0--------1-1 .92 t o  1.09 27 to 37 B-2 
20 to 25 ----------I--- 0.72 to 0.91 18 t o  26 

B-3 32 .072 t o ,  .070 1.17 t o  1.18 43. to 45 

lFuel-afr mtioa  caloulated f r o m  a i r  fluwe based on &8smption 
that a Mmh number of I existed a t  dif'f'user inlet (ahock 
swallowed). 
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A section of the  telemeter reoord is rep?oaUced In figure 6 f o r  
C W p r i f 3 0 1 ~  af the data obtained fraan u n i t s  B-2 and B-4. The 
vibratory nature crf combustion in unit B-2 is clearly ahm by 
the coinaidenoe af puleations a€' the acoelerameter reading d t h  
the  vibratims in the pssure meamxements, vhiGh are sham by 
the diffuser-Met e ta t i c  pressure p2- At 25-to 26 seconds a f t e r  
release, the acscelercrmeter asd p s e u r e  meaauraments show a 
ambustian  dbration of 25 cycles per seoond. These measurements 
ccrmpared with unit 13-4 a t  25 t o  26 seconds where the  telemeter 
reo& shmm mooth steady burning without vfbratfon or  
pulsations. The pulsations of the diffuser-inlet s t a t i c  psdure  P2 
of unit B-4 shawn in figure 6(b) (21.0 t o  23.0 sec) -re caused 
by a slight movement of the normal ehock about the  statfc-pressure 
orifioe. As the ombustion  efficiency improved at 23.5 seconds, 
the shock moved ahead of the statio-pressure orlffce and a 
st&- value of diffuser-fnlet statio preseure WE recorded.. 

Photogmshio  evidence of the visual difference in combustion 
between units 5 2  and B-5 is &own in figure 7. The vfbratory 
bumbg i S  obvioua for unit B-2 (fig. 7(a) ) where the  telemeter 
record showed a Frequency of 26 oyclea per 6eCOnd. Unit B-5 
bad smooth e t e a e  buraFng without any apparent pulsations 
(fig. 7(b)) , which uas ty-pical OP the m b u s t i o n  procese through- 
out the  entire flight. 

T3me histories cd: the  ram-jet-unit pezformance are pesented 
in figures 8 to 12. In general, these figures Include resultant 
f l i gh t  conditions,  independent- test variables, -user conditions, 
combustion-chamber-inlet, variables, and performance variables. The 
so l id  o w e s  are measured values and the broken lines represent 
appmximated values. The Gambustlan waa so vibratory Ln units B-2 
and B-3 that complete tlme histories of the t e s t  dah could not 
be established frm the  telameter records. 

U n i t  B-4 encomstered a rich blow-out limit a t  a free-stream 
mch number of 1.46 (fig. ll(a)) (33.5 sed a f t e r  release) as  the 
f uel-air r a t i o  exceeded 0.082 (fig. U(a) 1 The telemeter record 
inaicated that the blow-out WBB aharp and distinct with smooth 
steady burnln@; p i o r  t o  the blow-out. 

An increase in urnbustion  efpioiency occurred with a Large 
increase In cmbwtion-chamber-inlet static pssure and tempera- 
ture.  For example, the combustion eff ioiency in unit B-5 
(fig. 12(e)) licreased frm 66 percent a t  33 seconds to 82 
percent at  37 seconds d t h  increases in ccrmbustion-chber-fnlet 
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s t a t i c  pressure from 3200 t o  6100 pounds per square foot and s t a t i c  
-temperature increases from 643O t o  780' R (fig. =(a)). This 
increase in combustian eff'iciency oocurred at  approsimately canatant 
values CXP fuel-air ra t io  (0.053 to 0.057) and cambu8tian-ohamber- 
inlet  velocity (205 t o  215 ft/eec) (fig. l Z ( d ) ) .  Fart of t h i s  
increase in cambustion efficiency nvsg be due t o  an improvement 
In fuel  pattern and atomization became an  additional set of fuel  
nozzle8 became operative  during t h i s  tfme Fnterval. 

Satisfactory combustion m e  attained by ram-jet u n i t s  B-4 
and B-5, which employed a rake- tw flame holder. Unft B-5 
(fig. 12) reached a lnaximum free-stream  Noh number of 1.86 
(fig. 12(a) ) juet before blow-out with a net  aoceleration 
(excluding gravity) of approxhmtely 4.2 g ' s ,  which was based on 
diff'erentiation of' the  velocity becausc 110 acceleration data were 
received by the  telemeterirg equipment. A malrlmum mt-thrust 
coefficient Or 0.67 ooourred a t  36 seoonds.at a gae total-tem- 
peratm ra t io  of 5.0, a cmbustlon  efficiency of 82 percent 
(fig. U(e)), and a free-stream hPch number of 1.59 (fig. l Z ( a ) ) .  

The eff'eot OP free-stream Mach number and gaa total-temperatrne 
ra t io  on diffuser t o t a l - p s e u r e  reaovery is shown in figure l3. 
The solid lines are lines of conetant gas total-temperature  ratio 
drawn through the  colleotive d a t a  points. The brokan line repsent8 
the   tmwi t ion  frm shook existing wi th in  the -user t o  no shock 
wi th ln  the diffuser. In the region below the transition line the 
shock is swallowed; above the lins the shock, if present, is out- 
side  the  diffuser  entrance. The position of t h i s  line was deter- 
mined from data  obtained from a flush-wall  static  orifice 4 
inches  inside of the  diffuaer  (station 2 fig. 1) that  indicated 
the prresence or absenue c$ shock within the W f  user. The inter- 
sectian af the gas total-temperature  ratio linss with the  t ramit ion 
lbe therefore indicates the heat addition that ia nece~sary t o  
mahrtain  the shock at the fnlet for a given free-atream Mach number. 

A t  a canstant value of free-stream h c h  nmbr, a decrease 
in 4336 total-temperature  ratio was accanpnied by a decrease Fn 
total-pressure  r8cov-e~. This effect wa0 due to the  diffuser- 
outlet condifians of higher velocity, lower s ta t ic  preseure, ana 
a reduotion in total pressure necessary for mass continuity 
accompnying the decrease in heat  addition. When sonic or  super- 
sonic velocity exfaked a t  the  diffuser M e t ,  this  reduction in 
to t a l  pressure was made possible  by the presence of a normal shock 

c 

. 
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withln the diffuaer with its accorqm@ng total-pressure h a s .  For 
examgle, a t  a free-Aream Mach nmhr of 1.6 a reduotion in gas 
total-tamperatme ratio from 5.0 t o  1.0 resulted in a decrease 
in d i f fuse r   t o t a l -ps su re  recovery from 0.89 t o  0.41. 

ThrUEt Coefficient 

The effect ctf free-stream Mach number and gas total-tam- 
prature ra t io  on the exbernal drag coefficient is shown in 
figure 15. lrhe rninhm-drag c m y ~ ,  as  dram through the  colleotive 
d ~ t t a  points, represents conditions a~ additive drag and 
maxiwrm engine ah? flow when the eXt;erpal flow conditions ahead 
of the  inlet were not al-&ered by variatiane in heat  additian 
below the critical value. (The term additive drag is f u l l y  
discuseed by Femi in reference 3.) At the design free-stream 
Hach  number of 1.6, an exterm1 drag coeff fc€ent of 0. L6 WELB 
realized a8 oarpared to a maximum ~6' approxhstely 0.26 a t  a 
free-stream mch number af 1.07 and a QI- value of 0.098 
at a free-stream B c h  number of' 0.89. 

From the data obtaZned from free-flight investiggttian of 
f ive 16-inch-dfameter supereanic ram- jet u n i t s  over a range of 
free-stream  mch numbers from 0.50 to 1.86 and gas total-tem- 
perature ra t fos  between 1.0 and 6.1, the following resul ts  were 
obtained: 

1. Failure at the fuel cell In one of the unite, immediately 
a f t e r  launching resulted in a cold run. Vibratory burning 
~p'oducing oombustionfrequenciee f ~ l m  12 to 32 cycles per second 
wa8 encouutered by two ram-jet units employing a ducted-type 
flame holder. The other two --jet units ~ t h  mke-typs flame 
holders encountered smooth steady burning wfth resultant high 
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m3Sres CS thrust and aooeleratiom. Inasmuch aa the fuel-air mixture 
& o m  af the unite  with rough ombustion m a  within  the Limits of 
the f'uel-air mixt ;ures  of' the two rasl j e t s  with -0th burning, the 
vibratory burnin@[ was attributed t o  the duoted-tgpe flame-holder 
design =%her than the fuel-air rnixhre. 

2. A sharp, diatlnct  r ioh blow-out w&8 encountered a t  a fuel- 
air  r a t io  of 0.082 with one of the ram-Jet units utilizing a rake- 
typs fLame holder. 

3. A lllaximum free-stream Mach number of 1.86 waa encountered 
by one of the units with a net aoceleration (excluding gravity) of' 
approximately 4.2 g'e. A maximum net-thrust coefficient af 0.67 
o c o m d  at  a gas total-tamperatme  ratio of 5.0, a combustion 
effioiemy aP 82 peroent, and a free-sbxm Mach number of 1.59. 

4. At the deeign free-et- =ah nmtbf3r OT 1.6, 8 reduotion 
in gas total-temperature r a t io  frcan 5.0 t o  1.0 was accompanied by 
ap-proximate deoreases i n  W u s e r  total-peesure  recovery Oce 0.89 
t o  0.41 and net-thrust  ooepficient of 0.65 t o  -0.30. 

Lewis Flight  Propulsion Laboratory, 
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(b) Three-quarter rear am. 
Figure 2. - Duoted-type flame holder for supersdo ram-jet 

units 16-B-1, 16-B-2, and 16-E-3. 
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PLgure 4. - Supereonlo U-iach ram-jet d t  wnmtred beneath airplane wing. 
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.4J I I I I I I t I I I 
0 IO 20 30 40 50 60 

Time after  release, see 
(a) Bee-stream Maah number as funation of t h e .  

Predicted fuel flow 

0 2 , m  4,000 6,000 8,= 10,000 12,000 
Free-stream total pressure, PO, lb/sq ft 

(b) Fuel flov as iuncrtion of free-stream total pressure. 

Figure 6. - Comgarison of rree-stream Maah number and fuel flow for ram-jet 
units 16-B-1,  16-B-2, 16-B-’3, 16-B-4, and 16-B-5. 
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Time &er 
release, eeo 35.57 35.78 35.99 36.19 36.39  36 -59 
Flight Maoh 
mnuber 1.07  1.07 1.07 1.08 1.09 1.09 
“x af 
ombustion 
oyobe/sec 26 26 26 26 26 26 

(a) - Photograph10 reoo~d 09 aubuetian that caourred during flwt 
ae ”*t unit 16-E-2. 

gym0 a9ter 
relsase, 680 34.96 35-25 35.55 35.85 36 .E 36.45 
Pl ight  Maoh 
number 1-46 1.50 1.54 1.57 1.61  1.64 
l?uel-air 
ratio . E 5  .056 .057 .OS1 .057 .057 

C-25213 
2- 14- 50 
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-1.0 

-2* 0 

0 10 20 30 40 50 60 
Tlme after release, seo 

(a) Re8Ultant rligat oonditions. 

Figure 8. - Time history of flight data am3 performarlce of ram-jet 
d t  16-B-1. 
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0 10 

(b) Independent variables. 

Figure 8. - Continued. Time history of flight data and performance 
of ram-jet unit 16-B-1- 
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Figure 8. - Continue&. Time history of fll@t data and performance 
of ram-jet unit 16-B-1. 
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b 10 20 30 40 60 60 
Time after releaae, sea 

(a) Combustion-ohamber-inlet variables. 

F i g u r e  8. - Continued. Time history of flight data and perfomnanoe 
of ram-jet unit 16-B-1. 
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Time after  release, sec 
(e )  Performance variables. 
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Time after release, sec 
(a)  Resultant fl ight conditions. 

Figure 9. - T h e  history of flight data and performance of ram-jet 
m i  t 16 OB-2 
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Time after release, sea 
(a) Resultant flight conditions. 

Figure 10. - Time h i s t o r y  or fllght d a t a  and performanue of ram-jet 
unit 16-B-3. 
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Tfme after  release, sea 
(b) Independent variables. 
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Figure 10, - Concluded. Time history of flight data and performance 
of ram-jet unit 16-B-3. - 
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.lo, 000 

8,000 

4,000 d 
2 

3 , 000 

2,000 

0 10 20 30 40 
Time after release, see 

(b Independent variables. 

Figure 11. - Continued. Time history of flight data and perforrnanoe 
of ram-jet unit 16-B-4. 
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0 10 20 30 40 
Time after  release, sec 

( 0 )  Diffuser  variables. 

Flgure 11. - Continue&. Time history of f l ight data and performanoe 
of ram-Jet unit 16-B-4. 
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0 10 20 30 40 
Time after  release, 680 

( e )  Performanoe variables. 

Figure 11. - ConcludeB. Time hiatory of flight data and performance 
of ram-jet unit 16-B-4. 
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0 10 20 30 40 
Time after release, sec 

(a) Resultant flight conditions. 

Figure 12. - Time history of flight data and performance of ram- 
j e t  unit 16-B-6. 

0 
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9,000 

0,000 

4,000 
E 

2,000 

0 10 20 30 40  
Time after release, sec 

(b) Independent variables. 

Figure 12. - Continued. Time history of P l i g h t  data and performance 
of ram-jet unit 16-B-5. 
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Time after release, sec 
(d) Combustion-chamber-inlet variables. 

Figure 12. - Continued. Time his tory  of flight data and performance 
of ram-jet; unit 16-55. 
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(e ) Performance variables. 

gure 12. - Concluded. Time history of flight data and performance 
of ram-jet unit 16-B-5. 
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.4 e 8  1.0 1.2 
Free-stream Mach number, #o 

Figure 13. - Diffuser total-press- recovery as iunotion of free-stream Mach number a t  
varlcrus gas total-temperature ratios for ram-jet units 16-B-1, 16-B-2, 16-B-3, 16-B-4, 
and 16-B-5. 
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F’lgura 14. - Net-thrust ooeffiolent a8 iunation of free-strew Maoh w b s p  at various gas 
total-temperature ratios for m - j e t  unltj 16-B-1,  10-B-2, 16-B-3, 1644, and 16-B-5r 
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Figure 15. - External drag ooefflcicnt as function of free-stream Mach number at various 
gas total-tempemture ration for ram-jet u n l t a  16-B-1, 16-8-2, 16-84, 16-B4, 4 
16-B-5. 
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